Abstract Abused amphetamines, such as d-amphetamine (AMPH) and methamphetamine (METH), are highly addictive and destructive to health and productive lifestyles. The abuse of these drugs is associated with impulsive behavior, which is likely to contribute to addiction. The amphetamines also differentially damage dopamine (DA) and serotonin (5-HT) systems, which regulate impulsive behavior; therefore, exposure to these drugs may differentially alter impulsive behavior to effect the progression of addiction. We examined the impact of neurotoxicity induced by three amphetamines on impulsive action using a stop-signal task in rats. Animals were rewarded with a food pellet after lever pressing (i.e., a go trial), unless an auditory cue was presented and withholding lever press gained reward (i.e., a stop trial). Animals were trained on the task and then exposed to a neurotoxic regimen of either AMPH, p-chloroamphetamine (PCA), or METH. These regimens preferentially reduced DA transporter levels in striatum, 5-HT transporter levels in prefrontal cortex, or both, respectively. Assessment of performance on the stop-signal task beginning 1 week after the treatment revealed that AMPH produced a deficit in go-trial performance, whereas PCA did not alter performance on either trial type. In contrast, METH produced a deficit in stop-trial performance (i.e., impulsive action) but not go-trial performance. These findings suggest that the different neurotoxic consequences of substituted amphetamines are associated with different effects on inhibitory control over behavior. Thus, the course of addiction and maladaptive behavior resulting from exposure to these substances is likely to differ.
Introduction
Drug addiction is a chronic relapsing disorder characterized by a loss of control over drug use. Understanding how this compulsive pursuit of drugs develops, and why abstinence is so difficult after prolonged abuse, will be important for the treatment of addiction. Both clinical and preclinical studies suggest that impulsive behavior is not only involved in the initiation of drug taking, but may also affect the maintenance of drug seeking, compulsive drug use, and reinstatement following abstinence (Perry and Carroll 2008; Jentsch et al. 2014) . Impulsive behavior occurs following quick decision-making, when there is an inability to stop or withhold a response despite negative consequences (Dalley et al. 2011; Jentsch et al. 2014 ). This kind of poor inhibitory control over behavior is a key feature of drug addiction, where maladaptive drug use continues seemingly without consideration of negative consequences to health and livelihood (Perry and Carroll 2008; Jentsch et al. 2014) .
While impulsivity may be a pre-existing trait that pre-disposes an individual to initiate drug use, it is also likely to be consequence of drug exposure (Perry and Carroll 2008; Dalley et al. 2011) . It is well recognized that extensive drug use causes changes to the brain that alter normal decision-making processes and perpetuate the development of addiction (Scott et al. 2007; Perry and Carroll 2008; Dean et al. 2013) . Of particular concern are amphetamine (AMPH), and its analog methamphetamine (METH), because of the high incidence of addiction and abuse, cost to society, and devastating impact on health and productive lifestyles (Scott et al. 2007; Berman et al. 2009; Dobkin and Nicosia 2009) . Further, the amphetamines have direct toxic effects on the brain, causing long-term damage to dopamine (DA), serotonin (5-HT) or both systems (Belcher et al. 2005; McCann et al. 1998; Sekine et al. 2001; Volkow et al. 2001; Sekine et al. 2006; Berman et al. 2009 ). These systems are known to be involved in regulating impulsivity (Dalley and Roiser 2012; Jentsch et al. 2014) ; thus, damage to DA and/or 5-HT systems resulting from exposure to amphetamines may contribute to the increased incidence of impulsivity seen in individuals who abuse these drugs. For example, METH abuse is associated with impairments in the ability to withhold responding (i.e., impulsive action), as well as other measures of poor behavioral control (Monterosso et al. 2005; Hoffman et al. 2006; Simons et al. 2008; Henry et al. 2011; Tolliver et al. 2012) . However, the degree to which these behaviors are pre-existing versus a consequence of drug exposure is difficult to determine in human drug abusers (Dalley et al. 2011) .
In animals, impulsive action is commonly assessed using stop-signal or go/no-go tasks, where animals are required to inhibit an action in the presence of a cue in order to gain a favorable outcome (Winstanley et al. 2006; Eagle et al. 2008; Perry and Carroll 2008; Eagle and Baunez 2010; Dalley et al. 2011; Jentsch et al. 2014) . Several lines of evidence suggest that DA and 5-HT systems modulate performance on such tasks . There is also further evidence that the interaction between these systems is important for impulse control (Harrison et al. 1997; Koskinen and Sirvio 2001) . Examining the effects of prior exposure to amphetamines on such tasks in rodents will, therefore, provide insight into whether deficits in impulsive action can arise as a consequence of damage to DA and/or 5-HT systems induced by exposure to amphetamines.
The neurotoxic effect of d-AMPH is relatively selective for DA over 5-HT, whereas METH affects both DA and 5-HT systems (Belcher et al. 2005) . In contrast, another amphetamine analog, the designer drug p-chloroamphetamine (PCA), is relatively selective for 5-HT over DA (Belcher et al. 2005; Masaki et al. 2006) . Given the different neurotoxic potentials of the amphetamines, it is likely that their impact on impulsive behavior also differs, but this has not yet been established. Understanding the functional consequences of neurotoxicity induced by the amphetamines will not only be informative regarding the potential damage to humans following long-term drug abuse, but will also provide further insight into the roles of DA and 5-HT in impulsive behavior. Such insight is important, as alterations to these systems are part of the pathology of a number of psychiatric illness associated with failure of behavioral inhibition, including attentiondeficit and hyperactivity disorder, Parkinson's disease, obsessive-compulsive disorder, and schizophrenia (Eagle et al. , 2009 Eagle and Baunez 2010 ).
In the current study, we examined the impact of prior exposure to neurotoxic regimens of amphetamines on impulsive action in rats using the stop-signal task. Rats were first trained on the task, during which a lever press was rewarded with a positive food outcome, except when an auditory tone stop signal was presented, in which case animals were required to inhibit the response in order to gain the reward. Rats were then treated with a neurotoxic dosing regimen of an amphetamine, and then continued on the task so that pre-performance could be compared to post-performance. Hence, animals acquired the task before neurotoxicity was induced in order to establish whether impulsive action developed following drug exposure. In the first experiment, rats were exposed to d-AMPH or PCA, which predominately affect DA and 5-HT, respectively, or vehicle. In the second experiment, rats were exposed to METH under hyperthermic conditions that induce neurotoxicity to both DA and 5-HT, or under conditions that protect from neurotoxicity (i.e., cool conditions that prevent hyperthermia) (Ali et al. 1994; Bowyer et al. 1994 ). Neurotoxicity to DA and 5-HT systems was then confirmed in prefrontal cortex (PFC) and striatum using radioligand binding of dopamine and serotonin transporters (DAT and SERT, respectively). Thus, we sought to determine whether exposure to a range of amphetamines alters performance to a similar extent on the stop-signal task despite differential impact on DA and 5-HT systems.
Materials and Methods

Animals
Male Sprague-Dawley rats (250-300 g; Charles River, Wilmington, MA) were individually housed in hanging wire cages in a colony room controlled for temperature and lighting (12:14 h, lights on at 6 AM). Animals had free access to standard chow and water except during behavioral procedures, during which food was restricted to maintain body weight at approximately 85 % of freefeeding weight. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Utah, and were in accordance with the Guide for the Care and Use of Laboratory Animals (8th Ed., National Research Council).
Drug Treatment
Animals were treated with AMPH, PCA, or METH. The AMPH (d-amphetamine hemisulfate salt) and PCA (DL-p-chloroamphetamine hydrochoride) were purchased from Sigma-Aldrich. The METH [(±)-methamphetamine hydrochloride] was kindly provided by the National Institute on Drug Abuse (Rockville, MD). All doses were calculated as the free-base and administered in a volume of 1 ml/kg, s.c.
In experiment 1, there were 3 treatment groups: Control (n = 5), AMPH (n = 5), or PCA (n = 4) groups, and in experiment 2, there were 2 treatment groups: normothermic-METH (n = 4), or neurotoxic-METH (n = 3) groups. All animals were housed in plastic tub cages (33 9 28 9 17 cm) in groups of 3-5, from 12 h prior to treatment to 12 h following treatment. During treatment, rats received four injections at 2-h intervals and body temperatures were monitored every hour via a rectal probe. In experiment 1, these injections were 4 9 0.9 % saline (Control group), 4 9 5 mg/kg AMPH (AMPH group) or 4 9 5 mg/kg PCA (PCA group). In experiment 2, both groups were treated with 4 9 10 mg/kg of METH. Rats in the neurotoxic-METH group were treated under ambient conditions and experienced METH-induced hyperthermia, while rats in the normothermic-METH group were kept under a fan to prevent the METH-induced increase in body temperature. The maximum temperature of all rats was controlled by placing animals in a cage over wet ice if their rectal temperature reading exceeded 40°C. For rats in the normothermic group, the maximum temperature was set at 37.5°C, and animals were placed on ice if their recorded rectal temperature exceeded that, in order to maintain these rats in the same body temperature range as the Control group in experiment 1.
We chose a normothermic control group for the second experiment, because of the established effects of hyperthermia on the neurotoxic potential of METH (Ali et al. 1994; Bowyer et al. 1994 ). Thus, we could then determine whether hyperthermic compared to normothermic conditions also differentially impact cognition and behavior (Belcher et al. 2008) . By conducting the experiment in this way, we are limited in our ability to quantify the extent of monoamine loss in rats in the normothermic group, but not limited regarding their behavioral performance given the within subjects design comparing pre-versus post-task performance (see below).
Stop-Signal Task Apparatus and Procedure
The stop-signal task took place in standard operant chambers housed within sound-and light-attenuating boxes (Coulbourn Instruments, Whitehall, PA). Each chamber had two retractable levers on either side of a recessed trough where a pellet dispenser delivered a 45-mg sucrose pellet (Research Diets, New Brunswick, NJ) when appropriate. A light was located inside the trough, and a series of 3 small LED lights were located above each of the levers. The chamber was illuminated by a 3-W, 24-V house light located on the wall opposite the levers, unless otherwise stated, and also contained a speaker that was connected to a tone generator (1 kHz tone; Coulbourn Instruments, Whitehall, PA).
Head entry into the trough was detected via an infrared photobeam. A computer equipped with Graphic State 3.0 software (Coulbourn Instruments, Whitehall, PA) controlled event timing and recorded lever presses.
During the stop-signal task, animals were rewarded with a pellet for lever pressing on 'go' trials, and rewarded for not lever pressing on 'stop' trials within a single session ( Fig. 1) (Eagle and Robbins 2003) . Animals were initially trained for go responses only, in 20-min daily sessions, where lever press earned pellet reinforcement. Each session began with the free delivery of a pellet and illumination of the trough light. Head entry into the trough to retrieve the pellet then initiated the next trial, in which the trough light was extinguished, the left lever extended and the left LED lights illuminated. Responding on the left lever resulted in the delivery of a pellet, illumination of the trough light, and retraction of the lever. If the left lever was not pressed within 60 s, it was retracted (i.e., an omitted trial). There was a maximum of 200 trials in each session, and 8.6 ± 0.78 sessions were required before animals reached criterion, which was defined as [70 % correct responding on the go trials on two consecutive days. Animals were then trained to press the right lever for pellet reinforcement. The daily sessions were similar, except that left lever responses resulted in entry of the right lever and illumination of the right LED lights rather than pellet delivery. A pellet was then delivered if the right lever was pressed. Failure to press the right lever resulted in a 5-s time-out period, during which the house light was extinguished (i.e., a failed go trial). In order to ensure a rapid response, the right lever was presented for a limited period. Initially, this period was 30 s, but it was reduced each session so that it was approximately 0.5 s greater than the reaction time of the individual rat on its last session. Reaction time was calculated for each rat as the average time between right lever entry and right lever press on the successful trials within a session. By the final session, the right lever was available for 1-2.5 s depending on the individual rat's ability to maintain criteria of pressing the right lever on more than 70 % of trials on three consecutive sessions (8.5 ± 0.9 sessions required to reach criteria).
Stop trials were then introduced randomly within a session (20 % of total trials) (Fig. 1) . During a stop trial, an auditory tone was presented while the right lever was present, and the right-lever press did not result in pellet delivery. Instead, withholding the response for the length of the stop trial (i.e., until the right lever retracted), resulted in pellet delivery, so that the tone served as a stop signal. Initially, the tone was presented for the length of time that the right lever was presented, but the length of the tone presentation was gradually reduced across sessions to 100 ms in duration. The tone was presented randomly within the first 50 % of the time period that the right lever Neurotox Res (2016) 29:569-582 571 was available so that it could not be anticipated, and so that approximately 80 % of trials could be performed correctly (Eagle et al. 2007) . Pressing the right lever during the stop signal resulted in a time-out period of 5 s, during which the house light extinguished and the right lever retracted (i.e., a failed stop trial). The initial period that the right lever was available was 1 s during a stop trial, and 1-2.5 s during a go trial (as above). These periods were adjusted for each session, for each individual rat, until they were the same for both trial types with at least 70 % of responses correct on both trials for three consecutive sessions (between 1 and 2.3 s depending on the rat, which required 19.2 ± 1.3 sessions to reach this criteria on average). Animals then underwent treatment with substituted amphetamines (as described above). The stop-signal task resumed 1 week later, where the daily 20-min sessions continued for a further 5 days. The period that the right lever was available was the same as it was for last three sessions prior to treatment for each rat (i.e., between 1 and 2.3 s depending on the rat).
Trial accuracy (i.e., the percentage of successful trials) for both the go and stop trials was calculated for the last 3 pre-treatment sessions, as well as the 5 post-treatment sessions, for each group. This was done by dividing the number of successful trials (i.e., pressing the right lever on go trials and not pressing the right lever on stop trials) by the total number of initiated trials for each animal (i.e., the left lever was pressed; omitted trials were not included). Mean reaction time (mRT) during the go trials was calculated as the time between right lever entry and right lever press for each trial, and the percentage of omitted trials was calculated as the number of failures to press the left lever to initiate a trial divided by the total number of times the left lever was presented into the chamber. These values were each averaged across the three pre-treatment and five posttreatment sessions to yield one measure for each animal for the pre-treatment and post-treatment sessions.
Dopamine Transporter (DAT) and Serotonin Transporter (SERT) Autoradiography
Dopamine transporter (DAT) binding in striatum and serotonin transporter (SERT) binding in PFC were used to confirm neurotoxicity for each group. Immediately following the last session on the Stop-signal task, rats were sacrificed by exposure to CO 2 for 1 min. Brains were removed rapidly and frozen in 2-methylbutane (Mallinckrodt Baker, Phillipsburg, NJ) chilled on dry ice and stored at -80°C. The prefrontal cortex and striatum were then sectioned at 12-lm on a freezing cryostat (Cryocut 1800, If the left lever was not pressed within 1-2.5 s, it was retracted and the trial was recorded as an omission. 3 and 4. Pressing the left lever led to extension of the right lever and illumination of the right LED lights. The trial then progressed randomly as either a go or stop trial, 80 and 20 % of the time, respectively. The inset shows that the right lever was available for a limited time period depending on the rat (1-2.5 s, see text for details). Within the first 50 % of this period, a 100-ms tone was randomly presented (stop trial) or not presented (go trial). 3. On Go trials, pressing the right lever resulted in delivery of a pellet reward, and the trial was recorded as a successful trial. Failure to press the right lever was recorded as a failed trial and initiated a 5-s time-out period, wherein the house light was extinguished for 5 s with the levers retracted. 4. On stop trials, withholding lever press following the tone stimulus resulted in pellet reward. Pressing the right lever was recorded as a failed trial and resulted in a time-out period. New trials in all cases were initiated by head entry into the trough (1) Cambridge Instruments, Bayreuth, Germany), collected onto glass slides (SuperFrost Plus), and stored at -20°C until use.
DAT and SERT were determined by [ 125 I] RTI-55 binding (PerkinElmer, Waltham, MA; see (Belcher et al. 2008; Son et al. 2013) ). Sections were pre-incubated in assay buffer (10 mM NaPO 4 , 120 mM NaCl, 100 mM sucrose) for 5 min to remove endogenous ligands, and then incubated in assay buffer containing 25 pM [
125 I] RTI-55 for 2 h at room temperature. To examine DAT in striatum, 100 nM fluoxetine was also added to these incubations to block radioligand binding to SERT, given that [
125 I] RTI-55 binds with both DAT and SERT (Boja et al. 1992; Belin et al. 2008) . PFC sections incubated in fluoxetine showed no binding (data not shown). The sections were then rinsed in assay buffer (*4°C), then distilled water (*4°C), and rapidly dried under a stream of low-heated air. Finally, the slides were apposed to Biomax film (Eastman Kodak, Rochester, NY) for 24 h, and the films then developed.
Image Analysis
Autoradiographic images were captured and analyzed using the image analysis program ImageJ (http:rsbweb.nih.gov/ij), by an experimenter blinded to treatment group (Son et al. 2013) . Densitometric analysis was used to yield an average density (arbitrary gray) value for the dorsomedial (DMS), dorsolateral (DLS), ventromedial (VMS), and ventrolateral (VLS) striatum, as well as the orbitofrontal (OFC), infralimbic (IL), prelimbic (PrL), and anterior cingulate (ACC) cortex (see Figs. 2b, 3b) . The average density of white matter in the sections was subtracted from these values to correct for background labeling. DAT was analyzed across 4 sections of the striatum (between ?1.8 and ?0.8 mm from Bregma), and SERT was analyzed across four sections of the prefrontal cortex (between ?2.7 and ?3.7 mm from Bregma) for each animal, and then averaged for each region in each group. Data are presented as the average density for each group, as well as a percentage of the appropriate control for each experiment. 
Statistical Analysis
Data are presented as mean ± SEM, and were analyzed using planned orthogonal contrasts comparing within and between subjects factors. For experiment 1, the between subjects factors were the Control group compared to the two drug-treated groups (AMPH and PCA), and the two drug groups compared to each other. For experiment 2, the neurotoxic-METH group was compared to the normothermic-METH group. The within subjects factor for body temperature was time (0-7 h following treatment), and for the stop-signal task, trial type (either go or stop trials) and session (either pre-treatment or post-treatment sessions). Simple main effects were used to determine the source of any interaction. Analysis of DAT and SERT binding was conducted using separate one-way ANOVAs for each brain region examined, followed by post hoc analysis using a Bonferroni correction factor. Differences were considered significant when p \ 0.05 in all cases.
Results
Body Temperature
Body temperature was monitored each hour during drug treatment, and is shown for each group in Fig. 2a for experiment 1, and Fig. 3a for experiment 2. It is seen in Fig. 2a that body temperature was elevated for the AMPH and PCA groups compared to the Control group, and in Fig. 3a that the neurotoxic-METH group had elevated body temperature compared to the normothermic-METH group, reaching hyperthermic levels (Bowyer et al. 1994) . For experiment 1, there was a significant main effect of AMPH and PCA treatment compared to control treatment (F (1,11) = 164.7, p [ 0.001), but no difference between the AMPH and PCA treatment groups (F (1,11) = 0.01, p = 0.922). There was also a significant main effect of time (F (1,11) = 5.73, p = 0.036), but no significant interaction between time and treatment (F (1,11) = 1.90, p = 0.195). Analysis at each time point showed that there was no difference in body temperature between the drug-treated and control groups prior to the first injection (F (1,11) = 0.51, p = 0.49), but there were significant differences at every time point post-injection (F (1, 17) [ 6.73, p \ 0.025, for all analyses), except for the final time point (F (1,11) = 3.71, p = 0.08). For experiment 2, there was a significant main effect of treatment group (F (1,5) = 506.0, p \ 0.001), a significant main effect of time (F (1,5) = 237.5, p \ 0.001), and a significant interaction (F (1,5) = 84.0, p \ 0.001). Analysis at each time point showed that there was no difference between the neurotoxic and normothermic-METH groups prior to the first injection (F (1,5) = 0.12, p = 0.74), but there were differences at all time points postinjection (F (1, 5) [ 7.5, p \ 0.02, for all analyses).
DA and 5-HT Depletions Following AMPH and PCA
The results of the [ 125 I] RTI-55 autoradiography for experiment 1 are shown in Fig. 2b-d . Large reductions in DAT binding were seen in all striatal regions examined following AMPH treatment compared to control (81-89 % reduction from control for all regions), whereas only small reductions were seen following PCA treatment (2-10 % reduction from control for all regions). In contrast, large reductions in SERT binding were seen in all PFC regions examined after PCA treatment (79-92 % reduction from control for all regions), while smaller reductions were seen following AMPH treatment (23-33 % reduction from control for all regions). One-way ANOVA of the mean gray values revealed that there were differences between groups in DAT binding in DMS (F (2,13) = 1072.7, p \ 0.001), DLS (F (2,13) = 406.6, p \ 0.001), VMS (F (2,13) = 614.7, p \ 0.001), and VLS (F (2,13) = 699.5, p \ 0.001), and in SERT binding in the OFC (F (2,13) = 360.2, p \ 0.001), IL (F (2,13) = 290.6, p \ 0.001), PrL (F (2,13) = 331.5, p \ 0.001), and ACC (F (2,13) = 247.3, p \ 0.001). Post hoc analysis of DAT binding revealed differences between the control group and the AMPH group in all striatal regions (p \ 0.001 for all comparisons), and differences between the control group and the PCA group in the VMS and VLS (p \ 0.012 for both comparisons), but not DMS or DLS (p [ 0.9 for both comparisons). The AMPH group also differed from the PCA group for all striatal regions examined (p \ 0.001), indicating that DAT loss was greater for the AMPH group than the PCA group. Post hoc analysis of the SERT binding in PFC confirmed that the Control group was significantly different from the AMPH group and the PCA group in all regions examined (p \ 0.001 for AMPH and PCA, for all analyses). The PCA group also differed from the AMPH group for all PFC regions examined (p \ 0.001), indicating that SERT loss was greater for the PCA group compared to the AMPH group. These findings support prior work that AMPH has greater neurotoxic effects on DA than 5-HT systems, whereas PCA has greater neurotoxic effects on 5-HT than DA systems (Belcher et al. 2005 ).
DA and 5-HT Depletions Following METH
The results of the [ 125 I] RTI-55 autoradiography for experiment 2 are shown in Fig. 3b-d . Large reductions in both DAT and SERT binding were seen in all striatal and PFC regions examined in the neurotoxic METH group as compared to the normothermic METH group (72-88 % reduction in DAT and 58-80 % reduction in SERT, for all regions). One-way ANOVA of the mean gray values confirmed that there were differences between the two groups in DAT binding in DMS (F (1,6) = 484.8, p \ 0.001), DLS (F (1,6) = 300.2, p \ 0.001), VMS (F (1,6) = 345.7, p \ 0.001), and VLS (F (1,6) = 324.2, p \ 0.001), and in SERT binding in the OFC (F (1,6) = 441.4, p \ 0.001), IL (F (1,6) = 101.4, p \ 0.001), PrL (F (1,6) = 352.6, p \ 0.001), and ACC (F (1,6) = 3492, p \ 0.001). This finding supports prior work that has established that the partial loss of DA and 5-HT that is indicative of neurotoxicity following METH exposure largely depends on METH-induced hyperthermia (Ali et al. 1994; Bowyer et al. 1994 ).
Effect of Amphetamines on the Stop-Signal Task
We evaluated the effect of neurotoxicity induced by different amphetamines on behavioral inhibition by comparing performance on the stop-signal task before and after treatment across 2 experiments. At the end of the pretreatment phase, groups were matched for performance so that the time period that the levers were presented during the stop and go trials was the same for all groups (Table 1A and B, analyses not shown). The total number of go and stop trials also did not differ between groups before or after treatment, nor did the total number of omitted trials, which were low overall (Table 1A and B). For the analysis of total trials for experiment 1, there was no main effect of drug treatment (AMPH and PCA) versus control treatment (F (1,11) = 0.01, p = 0.92) and no difference between the two drug-treated groups (F (1,11) = 0.01, p = 0.94). There was a main effect of trial type, given that the go trials made up 80 % of the total trials and stop trials the remaining 20 % of trials each session (F (1,11) = 152.0, p \ 0.001). Importantly, there was no effect of pre-versus post-treatment session (F (1,11) = 1.78, p = 0.21), and no significant interactions between these factors (F (1,11) \ 0.51, p [ 0.49 for all analyses). For the analysis of total trials for experiment 2, there was also no main effect of neurotoxic METH versus normothermic METH treatment (F (1,5) = 1.16, p = 0.33), an effect of trial type (F (1,5) = 69.4, p \ 0.001), no effect of pre-versus post-treatment sessions (F (1,5) = 0.00, p = 0.98), and no significant interactions (F (1,5) \ 1.07, p [ 0.35, for all analyses).
For the number of omitted trials in experiment 1, there were no differences between the control and drug-treated groups or between the AMPH and PCA groups (F (1,11) \ 0.11, p [ 0.75, for both analyses), but there was an effect of session (F (1,11) = 8.1, p = 0.02), and no interaction (F (1,11) = 0.38, p = 0.55). From inspection of Table 1 , these analyses indicate that the number of omitted trials was less in the post-treatment indicating improved performance over time for all groups. For experiment 2, there was no effect of treatment (F (1,5) = 1.7, p = 0.25), no effect of session (F (1,5) = 0.34, p = 0.59), and no interaction (F (1,5) = 0.07, p = 0.80). Overall, these analyses indicate that the total number of omitted trials was not adversely impacted by treatment for any of the groups.
Finally, the AMPH, PCA, and vehicle groups showed similar mRTs in both the pre-and post-treatment sessions (Table 1A) . Statistical analysis comparing mRTs of the AMPH and PCA groups to the control group confirmed that there were no differences between groups (F (1,11) = 0.92, p = 0.36), no differences across pre-and post-treatment sessions (F (1,11) = 1.71, p = 0.22), and no interaction (F (1,11) = 0.001, p = 0.98). The neurotoxic-and normothermic METH groups also showed similar mRTs to each other during the pre-and post-treatment sessions (Table 1B) . There were no significant differences between groups (F (1,5) = 2.4, p = 0.18), no differences across sessions (F (1,5) = 0.33, p = 0.59), and no interaction (F (1,5) = 1.0, p = 0.36). Hence, neurotoxicity induced by any of these substituted amphetamines did not affect mRTs on go trials. Figure 4 shows performance accuracy on the stop and go trials in experiment 1 for the pre-and post-treatment sessions. It can be seen that the percentage of successful trials for the Control group following treatment was similar to what it was prior to treatment. However, trial accuracy decreased post-treatment for the drug-treated groups, particularly for the AMPH group, where successful go trials were reduced. Statistical analysis revealed that overall performance on the go versus stop trials did not differ (F (1,11) = 0.15, p = 0.71), but there was an overall difference in performance between the pre-and posttreatment sessions (F (1,11) = 24.5, p \ 0.001). Importantly, there was a significant interaction between session and treatment group for the control versus drug groups (F (1,11) = 6.97, p = 0.023), as well as for AMPH group vs. PCA group (F (1,11) = 6.37, p = 0.028), but not between session and trial type (F (1,11) = 0.53, p = 0.48). Analysis of session for each treatment group revealed a significant effect for the AMPH group (F (1,11) = 35.6, p \ 0.001), but not the control group Omitted trials (#trials) Control 1.0 ± 0.5 0.3 ± 0.2 Norm-METH 1.6 ± 1.0
Effects of AMPH and PCA on Trial Accuracy
None of the variables differed pre-versus post-treatment, or between the treatment groups. Therefore, non-specific effects on task performance can be ruled out. Lever present shows the average time (in seconds) that the right lever was available during the stop and go trials. Total trials show the average number of go and stop trials for each group (i.e., the left lever was presented. Note that stop trials make up 20 % of total trials), and the omitted trials show the average number of trials that were not initiated (i.e., the left lever was not pressed). mRT on go trials shows the time (in seconds) between entry of the right lever and press of the right lever (F (1,11) = 0.61, p = 0.451) or PCA group (F (1,11) = 3.81, p = 0.077). When session was considered for the AMPH group, a difference between pre-and post-treatment was found for the go trials (F (1,11) = 8.67, p = 0.013), while the difference between sessions for stop trials was not significant (F (1,11) = 3.1, p = 0.11). These analyses indicate that performance of the AMPH group was reduced post-treatment for go-trials, unlike the performance of the Control and PCA groups. Figure 5 shows trial accuracy for animals with and without METH-induced neurotoxicity. It can be seen that the percentage of successful trials was decreased for the neurotoxic-METH group post-treatment for the stop trials, but not the go trials. Statistical analysis revealed significant differences in overall performance on the go versus stop trials (F (1,5) = 7.0, p = 0.046) and for pre-versus post-sessions (F (1,5) = 20.0, p = 0.007). There was also a significant interaction between session and treatment group (F (1,5) = 13.7, p = 0.014), session and trial type (F (1,5) = 23.9, p = 0.005), but not trial type and treatment group (F (1,5) = 0.77, p = 0.42). Most importantly, the 3-way interaction between group, session, and trial type was significant (F (1,5) = 10.8, p = 0.022). Analysis of the session by trial-type interaction for each group revealed a significant effect for the neurotoxic-METH group (F (1,5) = 39.0, p = 0.002), but not the normothermic-METH group (F (1,5) = 1.12, p = 0.338). Comparison of each trial type for the neurotoxic-METH group confirmed a difference across sessions for the stop trials (F (1,5) = 48.60, p \ 0.001), but not the go trials (F (1,5) = 5.50, p = 0.066). There were no differences across sessions for either trial type for the normothermic-METH group (F (1,5) \ 0.665, p [ 0.665). These findings suggest that the neurotoxic-METH group demonstrated a reduction in successful stop trials post-treatment, unlike the normothermic-METH group.
Effects of METH on Trial Accuracy
Discussion
The present study confirmed prior work showing that exposure to different substituted amphetamines has varied neurotoxic effects on DA and 5-HT systems, and extended those findings by showing that animals with neurotoxicity induced by these agents show varied behavioral effects as assessed by performance on the stop-signal task. Specifically, AMPH and the neurotoxic-METH exposure paradigms caused significant depletions of striatal DA, as well as damage to PFC 5-HT systems, whereas exposure to PCA was associated with relatively selective damage to 5-HT systems, consistent with previous findings (Brunswick et al. 1992; Ali et al. 1994; Ruotsalainen et al. 2000; Belcher et al. 2005; Masaki et al. 2006; Son et al. 2013) . In the present work, we found that AMPH-induced neurotoxicity was associated with reduced go-trial accuracy, whereas METH-induced neurotoxicity was associated with a selective reduction in stop-trial accuracy. PCA-induced neurotoxicity was not associated with significant alterations of either trial type. This study, therefore, demonstrates that the different monoamine neurotoxicity profiles induced by different substituted amphetamines are associated with different behavioral profiles on the stop-signal task. This finding has important implications for understanding the behavioral mechanisms associated with the development of addiction to these drugs, as well as for possible courses of treatment.
The Effect of AMPH-Induced Neurotoxicity on GoTrial Accuracy AMPH-induced neurotoxicity was associated with impaired performance on go trials, in which animals did not press the right lever in order to gain reward. This finding was not due to an inability to lever press, as the number of omitted trials and number of trials initiated by left-lever press did not differ from those of the other groups. Further, the right lever was sometimes pressed on stop trials, and when the left lever was pressed on go trials, mRT was not reduced. Non-specific effects on arousal and locomotion, that have been shown to reduce go-trial accuracy, can therefore be ruled out (Koskinen and Sirvio 2001; Perry and Carroll 2008; Bari and Robbins 2013) . Prior work has suggested that a reduction in go-trial accuracy is associated with altered behavioral activation, rather than altered behavioral inhibition, and is attributed to decreased attentional capacity, reduced stimulus detection and indiscriminate responding (Bari and Robbins 2013) . Therefore, our data suggest that AMPH-induced neurotoxicity may be associated with impairment in attentional processes. Although our study is the first to examine impulsive behavior following AMPH-induced neurotoxicity, other studies provide evidence that an impairment in attentional processes resulting from AMPH exposure may underlie the decrease in go-trial accuracy observed in the present work. For example, a relatively large dose of AMPH (6 9 4-5 mg/kg) repeated across days (rather than within 1 day, as in the current study) decreased accuracy on the 5-choice-serial-reaction-time task (5-CSRTT) (Fletcher et al. 2007 ). This task shares a cue-signaled 'go' response component with the stopsignal task, and is used to examine sustained and divided attention (Robbins 2002) . The deficit on the 5-CSRTT, as well as deficits seen in an attention-shift task, were attributed to reduced attentional capacity resulting from the AMPH exposure (Fletcher et al. 2005 (Fletcher et al. , 2007 . Further, heavy, longterm AMPH abuse in humans, including d-AMPH abuse, is also associated with deficits in attention, concentration, learning, and working memory Mattick 1997, 1998; Ornstein et al. 2000; Ersche et al. 2006; Reske et al. 2010) . Past exposure to AMPH may, therefore, promote further drug use to combat these adverse effects on attention, especially given that acute AMPH exposure increases attention and concentration and improves go-trial performance (Eagle and Robbins 2003) .
AMPH exposure in the current study was associated with a loss of DA terminals in striatum, and while not examined, DA terminals in cortex and hippocampus were also likely to have been affected (Belcher et al. 2008) . A number of studies have implicated DA systems in go-, rather than stop-, trial performance. For example, widespread blocking of D1/D2 receptors prolongs go, but not stop, reaction times (Eagle et al. 2007) , and blocking D2, D3, or D4 receptors reduces go, but not stop, trial accuracy (Bari and Robbins 2013) . Deficits in go performance seen in the 5-CSRTT following AMPH exposure are also rescued by D1 receptor activation in the PrL (Fletcher et al. 2007) . Conversely, antagonism of D2 receptors in DMS decreases go-trial performance in the stop-signal task , suggesting that AMPH-induced loss of DA terminals in these regions may underlie the reduced accuracy on go trials observed in the present work. Further studies using localized targeting of DA depletions will be required to determine the precise regions affected by AMPH that are important for go-trial performance. For example, inactivation of IL or OFC affects go-and not stop-trial performance (Bari et al. 2011) , so DA in these regions may also be of importance.
Lack of Effect of PCA-Induced Neurotoxicity on the Stop-Signal Task PCA-induced neurotoxicity to 5-HT systems did not significantly impact performance on the stop-signal task, despite inducing large depletions, as evidenced by decreased SERT binding throughout the PFC. This lack of an effect is in agreement with a previous demonstration that widespread depletion of 5-HT by administration of the 5-HT-selective neurotoxin, 5,7-di-hydoxytrytamine, does not impact performance on this task (Eagle et al. 2009 ). Depletion of 5-HT terminals also fails to reduce go accuracy on the 1-or 5-CSRTT (Harrison et al. 1997; Ruotsalainen et al. 2000; Winstanley et al. 2004) . Therefore, despite the well-recognized role that 5-HT plays in impulsivity, 5-HT is not involved in all aspects of behavioral inhibition, and this is likely to include impulsive action, as measured by performance on the stop-signal task Eagle and Baunez 2010; Dalley and Roiser 2012) .
Prior studies have shown, however, that behavioral deficits do emerge following 5-HT loss when the demands of the behavioral tasks are increased. For example, deficits are observed when waiting time is increased (i.e., the time between the go-cue and required response) (Harrison et al. 1997; Ruotsalainen et al. 2000; Eagle et al. 2009 ), the intensity of the go-cue is reduced (Harrison et al. 1997) , or lesions are induced prior to any training (Masaki et al. 2006) . Thus, while several lines of evidence, including the findings reported herein, suggest that 5-HT may not be necessary for 'action inhibition,' we cannot exclude a role of 5-HT in other aspects of impulsivity in the stop-signal task not examined in the current study; e.g., waiting for reinforcement (i.e., 'action restraint') (Harrison et al. 1997; Ruotsalainen et al. 2000; Winstanley et al. 2004; Eagle et al. 2008 Eagle et al. , 2009 Jentsch et al. 2014) . Whether PCA exposure influences impulsivity in humans is not known given the lack of reports of such abuse. However, it has been demonstrated that humans with a polymorphism of the 5-HT transporter, which reduces its expression and efficiency, do not display deficits in the stop-signal task, in line with the current findings (Clark et al. 2005) .
The Effect of METH-Induced Neurotoxicity on Stop-Trial Accuracy
In contrast to the reduction in go-trial accuracy and the lack of effects associated with the relatively selective DA and 5-HT loss induced by AMPH-and PCA, respectively, combined DA and 5-HT loss induced by METH was associated with a decrease in stop-trial accuracy. Reduced stoptrial accuracy is thought to be reflective of impulsive action, defined as the inability to inhibit an inappropriate action, and is indicative of reduced inhibitory control over behavior (Winstanley et al. 2006; Eagle et al. 2008; Perry and Carroll 2008; Eagle and Baunez 2010; Dalley et al. 2011; Jentsch et al. 2014) . METH abuse in humans is also associated with deficits in stop-trial, but not go-trial performance (Monterosso et al. 2005) , as well as deficits in other types of behavioral inhibition (Hoffman et al. 2006; Simons et al. 2008; Henry et al. 2011; Tolliver et al. 2012) .
It is difficult to determine whether impaired inhibitory control is a pre-existing trait predisposing an individual to abuse or a consequence of METH abuse in humans (Dalley et al. 2011 ). The present findings suggest that impulsive action can arise as a consequence of METH-induced neurotoxicity. Further, this deficit is not simply due to METH exposure, given that the normothermic-METH group did not demonstrate stop-trial impairment. In accordance, we have previously demonstrated that increases in preservative responding for reward, another indication of poor inhibitory control over behavior, are a consequence METH-induced neurotoxicity (Son et al. 2013) . Our findings are of particular importance, given that impulsive action is predictive of escalated and persistent drug-taking in animals (Dalley et al. 2007; Belin et al. 2008; Diergaarde et al. 2008; Economidou et al. 2009 ), thus providing a possible mechanism by which METH induced neurotoxicity could contribute to the chronic relapsing nature of METH addiction.
We observed reductions in DAT binding in striatum and SERT binding in PFC that could underlie the deficits seen in impulsive action. Importantly, decreases in DAT and SERT binding are found in these same regions in humans with a history of METH abuse (McCann et al. 1998; Sekine et al. 2001; Volkow et al. 2001; Sekine et al. 2006) . A number of subregions within the striatum and PFC have been shown to be important for stop-trial performance. This includes the ACC and PrL, where pharmacological inactivation reduces stop-, but not go-, trial accuracy (Bari et al. 2011) , and the DMS where blockade of DA receptors alters stop-trial performance ). In contrast, inactivation of IL and OFC has no effect on stop-trial performance (Eagle and Robbins 2003; Bari et al. 2011; Eagle et al. 2011) , suggesting these regions may not be important loci of the presently observed behavioral impairment, despite METH-induced monoamine toxicity in these brain regions. It is also worth considering that the neurotoxic effects of METH on norepinephrine (NE) may also be important, given that NE has been implicated in stop-, but not go-, trial performance (Eagle and Robbins 2003; Robinson et al. 2008; Bari et al. 2011; Eagle et al. 2011) . Although METH is considered selective for DAT and SERT, it has been shown previously to significantly reduce NE in lateral amygdala and dorsomedial hypothalamus (Brunswick et al. 1992) . Thus, damage to NE in these regions may also be important for deficits in stop-trial performance in rats with METH-induced neurotoxicity.
AMPH and PCA, which each share aspects of the neurotoxic profile of METH, did not induce the same behavioral deficit as METH. Prior work has similarly shown that deficits in novel object recognition associated with METHinduced monoamine neurotoxicity are also not seen following either AMPH or PCA-induced toxicity to DA and 5-HT systems (Belcher et al. 2005 (Belcher et al. , 2008 . It may therefore be the case that interactions between damage to DA and 5-HT systems or damage to another system (e.g., NE) by METH are ultimately important for the behavioral outcome. DA and 5-HT are known to interact to regulate impulsive behavior (Winstanley et al. 2005) . Therefore, loss of both these systems may interact to prevent the gotrial deficit that was seen following AMPH treatment. Indeed, prior work has shown that impairments on the 5-CSRTT that are seen following lesions of central 5-HT or the PrL are prevented by antagonism of DA receptors (Harrison et al. 1997; Koskinen and Sirvio 2001; Passetti et al. 2003; Pezze et al. 2009 ). These findings suggest that behavioral deficits resulting from loss of one of these systems can be rescued by reduced function in the other system. Alternatively, the go-trial impairment following AMPH may arise because of competition between an impaired system (DA) and a relatively intact system (5-HT). Such an idea has been proposed, for example, as a basis for why smaller rather than larger brain lesions sometimes have a greater impact on cognitive performance (Baxter and Murray 2001; Belcher et al. 2005) . Clearly, understanding the intricacies of the interplay between the functions of different neurotransmitter systems within the same brain structure, as well as across different brain structures, will require region-selective manipulations of those systems.
Finally, it is worth noting that while the acute dosing paradigm used in the current study does not model the typical pattern of gradually escalating doses seen in human abuse, it produces the neurotoxic DA and 5HT profiles that are seen with long-term drug abuse in humans more readily than do escalating dose paradigms (Krasnova et al. 2010; Marshall and O'Dell 2012) . For example, multiple dosing of METH across a longer time period produces less severe or shorter lasting monoamine damage, sometimes failing to produce effects on these systems, or failing to produce other indications of brain damage such as neuroinflammation that are evident in the human condition (Krasnova et al. 2010; McFadden et al. 2012; Marshall and O'Dell 2012; Schwendt et al. 2009) . Further, although self-administration paradigms model drug-seeking and motivational and learning aspects of the addiction process (Marshall and O'Dell 2012; Schwendt et al. 2009 ), such a paradigm would introduce confounds to the current study. For example, if pre-existing impulsivity determined the degree to which an animal self-administered the stimulants (Belin et al. 2008; Diergaarde et al. 2008) , and in turn the degree of resulting neurotoxicity, then performance on the stop-signal task would be cofounded by this pre-determined variable. Thus, given that the acute, binge-regimen dosing paradigm produces persistent neurochemical changes similar to those seen following extensive self-administration in animals and long-term abuse in humans (Krasnova et al. 2010; Marshall and O'Dell 2012) , we think that it is the best model to understand the impact of monoamine damage induced by substituted amphetamines on inhibitory control over behavior.
Conclusions and Implications
The most important finding of the current study was that AMPH-and METH-induced neurotoxicity differentially impact performance on the stop-signal task. Specifically, AMPH-induced neurotoxicity was associated with impaired go-trial accuracy, whereas METH-induced neurotoxicity was associated with impaired stop-trial accuracy. As noted above, these findings suggest the possibility that AMPHinduced DA loss is associated with impairment of attentional processes, whereas METH-induced monoamine loss may be associated with development of impulsive actions. The stopsignal task used in the present study is thought to have translational relevance to human conditions characterized by poor control over impulsivity Eagle and Baunez 2010) . Of particular interest is that responsivity to pharmacotherapy may be determined by individual differences in behavioral control . Given that deficits in inhibitory control over actions and deficits in attention have been reported in human METH and AMPH abusers, respectively, the present findings have the potential to improve the development of effective therapeutic approaches to manage METH and AMPH dependence. For example, drugs that specifically improve stop-trial accuracy (e.g., modafinil or atomoxetine) may be more beneficial to METH abusers (Eagle et al. 2007; Robinson et al. 2008) , and drugs that improve go processes (e.g., methylphenidate, propranolol or prazosin) may be more beneficial to AMPH abusers (Eagle et al. 2007; Bari and Robbins 2013) . Future studies examining the effects of these drugs in animal models of stimulant-induced neurotoxicity will be necessary to confirm this potential.
